PDZD8 is a novel moesin-interacting cytoskeletal regulatory protein that suppresses infection by herpes simplex virus type 1  by Henning, Matthew S. et al.
Virology 415 (2011) 114–121
Contents lists available at ScienceDirect
Virology
j ourna l homepage: www.e lsev ie r.com/ locate /yv i roPDZD8 is a novel moesin-interacting cytoskeletal regulatory protein that suppresses
infection by herpes simplex virus type 1
Matthew S. Henning a, Patricia Stiedl b, Denis S. Barry a, Robert McMahon b, Scott G. Morham c,
Derek Walsh b,⁎, Mojgan H. Naghavi a,d,⁎⁎
a Centre for Research in Infectious Diseases, School of Medicine and Medical Science, University College Dublin, Belﬁeld, Dublin 4, Ireland
b National Institute for Cellular Biotechnology, Dublin City University, Dublin 9, Ireland
c Myrexis, Inc., Salt Lake City, UT 84108, USA
d Department of Biochemistry and Molecular Biophysics, Department of Microbiology and Immunology, College of Physicians and Surgeons, Columbia University, New York, NY 10032, USA⁎ Correspondence to: D. Walsh, National Institute for
City University, Dublin 9, Ireland. Fax: +353 1 700 548
⁎⁎ Correspondence to: M.H. Naghavi, Department of
Biophysics, Department of Microbiology and Immunolo
1313, 701 West 168th Street, New York, NY 10032, USA
E-mail addresses: derek.walsh@dcu.ie (D. Walsh), m
(M.H. Naghavi).
0042-6822/$ – see front matter. Published by Elsevier
doi:10.1016/j.virol.2011.04.006a b s t r a c ta r t i c l e i n f oArticle history:
Received 21 December 2010
Returned to author for revision
19 January 2011
Accepted 18 April 2011
Available online 6 May 2011
Keywords:
Moesin
ERM proteins
PDZD8
Cytoskeleton
Microtubules
Viral infectionThe host cytoskeleton plays a central role in the life cycle of many viruses yet our knowledge of cytoskeletal
regulators and their role in viral infection remains limited. Recently, moesin and ezrin, two members of the
ERM (Ezrin/Radixin/Moesin) family of proteins that regulate actin and plasma membrane cross-linking and
microtubule (MT) stability, have been shown to inhibit retroviral infection. To further understand how ERM
proteins function and whether they also inﬂuence infection by other viruses, we identiﬁed PDZD8 as a novel
moesin-interacting protein. PDZD8 is a poorly understood protein whose function is unknown. Exogenous
expression of either moesin or PDZD8 reduced the levels of stable MTs, suggesting that these proteins
functioned as part of a cytoskeletal regulatory complex. Additionally, exogenous expression or siRNA-
mediated knockdown of either factor affected Herpes Simplex Virus type 1 (HSV-1) infection, identifying a
cellular function for PDZD8 and novel antiviral properties for these two cytoskeletal regulatory proteins.Cellular Biotechnology, Dublin
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HSV-1 is a large, double-stranded DNA virus that has established
lifelong infections in the majority of adults worldwide (Roizman et al.,
2007). After primary infection of epithelial cells the virus enters a non-
productive state, termed latency, in neurons that innervate the site of
infection. Periodic reactivation of latent virus results in new viral
progeny transiting back down axons and establishing a productive
(lytic) infection in innervated epithelia that manifests itself, most
commonly, as recurrent cold sores. The viralDNAgenome is encased in a
capsid that is surrounded by a host-acquired envelope studded with
viral glycoproteins (Roizman et al., 2007). The space between the capsid
and envelope, called the tegument, is ﬁlled with viral proteins. Upon
fusion and entry of the virus into the cell the tegument proteins are
released and the capsid traverses the cytoplasm to the host nucleus,
where the viral genome is deposited. Within the nucleus a temporally-ordered pattern of viral gene expression ensues, beginning with
Immediate Early (IE) genes whose protein products facilitate the
expressionof viral Early (E) genes,whoseproducts in turn facilitateDNA
replication and the production of Late (L) structural proteins.
Given their sizeandneed to traverse thedense cytoplasm to reach the
nucleus it is, perhaps, not surprising that viruses such as HSV-1 exploit
their hosts' cytoskeletal networks that facilitate the movement of large
cargoes (reviewed inDiefenbachet al., 2008;Greber andWay, 2006). The
host cytoskeleton consists of a scaffold of three types of dynamic
ﬁlaments: actin (or microﬁlaments), microtubules and intermediate
ﬁlaments. The latter ﬁlaments primarily provide mechanical stability to
cells while cell surface (cortical) actin plays an important role in cell
shape and movement, as well as acting as a barrier to the entry of
pathogens into the cell. The actin and MT cytoskeletons are also
responsible for trafﬁcking of a variety of cargoswithin the cell (reviewed
in Radtke et al., 2006; Greber andWay, 2006). Generally, actin ﬁlaments
are responsible for short-ranged transport most frequently at the cell
peripherywhileMTsareused for long-ranged intracellular transport. The
MT network is composed of tubulin subunits with ﬁlaments organized
around a perinuclear structure called the MT organizing centre (MTOC).
The plus-end of a MT ﬁlament is directed toward the plasmamembrane
while its minus-end is directed toward the MTOC or nucleus. Speciﬁc
motor complexes bind cargos and direct their retrograde (minus-end
directed) or anterograde (plus-end directed) transport (Welte, 2004).
Fig. 1. PDZD8 and moesin are interacting proteins that negatively affect Glu-MT
abundance. (A) Conﬁrmation of PDZD8 interaction with moesin by co-IP. Western
blotting showing the levels of moesin (upper panels) or PDZD8-FLAG (lower panel) in
co-IP and input samples. Soluble cell extracts prepared in NLB from CHME3 cells
expressing FLAG alone (FLAG) or PDZD8-FLAG (PDZD8) were immunoprecipitated
using anti-moesin or anti-GFP antibodies. The immunoglobulin complexes were then
collected with Protein A Sepharose and samples from input and immunoglobulin
complexes were analyzed by western blotting using anti-moesin and anti-FLAG
antibodies. (B) PDZD8 and moesin negatively regulate Glu-MT abundance. Whole cell
extracts were prepared from CHME3 cells expressing FLAG alone (FLAG), PDZD8-FLAG
(PDZD8) or moesin-FLAG (moesin) and analyzed by western blotting with the
indicated antibodies. FLAG-tagged forms of PDZD8 and moesin, detected using anti-
FLAG antibody, are indicated to the right. Equal loading of samples was conﬁrmed using
an antibody toward the cellular antigen, eIF4E. (C) Levels of dynamic MTs in the same
lines as in B detected by immunostaining. Cells were ﬁxed and stained with a rat
monoclonal antibody (YL1/2) that detects dynamic tyrosinated MTs and imaged as
described in Materials and methods. (D) 293 cells were transfected with 100 pmol
siRNAs targeting moesin (Msn) or GFP control (Gc) on two consecutive days and then
whole cell extracts were prepared the following day and analyzed by western blotting
with antibodies toward Glu-MTs, moesin or eIF4E as a loading control. (E) 293 cells
were transfected with 100 pmol siRNAs targeting PDZD8 (PDZ) or GFP control (Gc) on
two consecutive days and the following day transcript levels were quantiﬁed by qRT-
PCR, normalized to cyclophilin A (CypA) (upper panel) or whole cell extracts were
prepared and analyzed by western blotting with antibodies toward Glu-MTs or eIF4E as
a loading control.
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ﬁlaments appears to be more stable (t1/2N1 h) due to posttranslational
modiﬁcations that include acetylation and detyrosination,with the latter
modiﬁcation exposing a glutamatic acid resulting in stable ﬁlaments
referred to asGlu-MTs (Bartolini andGundersen, 2009;Westermannand
Weber, 2003). A distinguishing feature of stable Glu-MTs is that their
plus-ends do not grow or shrink, making their ends distinct from
dynamic MTs (Bartolini and Gundersen, 2009).
ERM proteins act as cross-linkers between actin ﬁlaments and the
plasma membrane (Fehon et al., 2010; Tsukita and Yonemura, 1999).
Recently, we demonstrated that moesin and ezrin, two members of
the ERM family of cytoskeletal regulatory proteins, also negatively
regulate stable Glu-MT levels and suppress retroviral infection
(Haedicke et al., 2008; Naghavi et al., 2007). Here, we identify a
poorly understood protein of unknown cellular function, PDZD8 as a
factor that interacts with moesin and also regulates stable MT
abundance. In addition, we demonstrate that both factors suppress
HSV-1 gene expression and production of new viral progeny, resulting
in a small-plaque phenotype and a potent suppression of virus spread.
Results
Identiﬁcation of PDZD8 as a moesin-interacting factor
We recently demonstrated thatmoesin acted as a negative regulator
of stable Glu-MTs (Naghavi et al., 2007). To try to develop a better
understanding of how moesin functioned we used yeast two-hybrid
screening to try to identify moesin-interacting factors and found a
potent interaction between moesin (residues 158–279) and another
cellular protein, PDZD8 (residues 990–1155) (data not shown). PDZD8
is a poorly understood protein whose function(s) remains unknown.
Due to the lack of a suitable anti-PDZD8 antibody, to conﬁrm this
interaction soluble cell extracts were prepared from CHME3 cells stably
expressing C-terminally Flag-tagged PDZD8 (PDZD8-Flag) or Flag
peptide alone. Extracts were then nuclease treated, precleared and
endogenous moesin was immunoprecipitated using anti-moesin
antibody. Anti-GFP antibody of the same isotype was used as an
additional control for the speciﬁcity of the co-immunoprecipitation. The
immunoglobulin complexes were then collected with Protein A
Sepharose, washed extensively and boiled in sample buffer. Samples
from both the input and immunoglobulin complexes were analyzed by
western blottingwith anti-moesin or anti-FLAG antibodies. As shown in
Fig. 1A, while moesin was present at equal levels in the input samples
from both the Flag-expressing control and the PDZD8-Flag expressing
lines, it was only detected in anti-moesin immune complexes and was
not present in control, anti-GFP immune complexes. This data
conﬁrmed our initial identiﬁcation of the interaction between PDZD8
and moesin by yeast two-hybrid screening.
Expression of PDZD8 or moesin reduces stable Glu-MT levels in CHME3
cells
Our previous studies demonstrated that the rat forms of the ERM
proteins, moesin and ezrin negatively regulated the levels of Glu-MTs
in cultured cells (Haedicke et al., 2008; Naghavi et al., 2007). Having
identiﬁed PDZD8 as a moesin-interacting factor we then examined
whether the human forms of PDZD8 and moesin also affected the
abundance of Glu-MTs. Control Flag-expressing cells and CHME3 cells
expressing PDZD8-Flag or moesin-Flag were lysed in Laemmli buffer
and samples were analyzed by western blotting with antibodies
toward FLAG, Glu-MTs or the cellular antigen, eIF4E as a loading
control. As illustrated in Fig. 1B, the levels of stable Glu-MTs in both
PDZD8- and moesin-expressing lines were dramatically reduced
compared to those in the control FLAG-expressing line, while no
change in eIF4E abundance was evident. Finally, to determine the
effects of either protein on the overall structure of the dynamic MTnetwork of cells, the same lines were grown on coverslips and stained
using antibodies speciﬁc for the tyrosinated tubulin subset, as
previously described (Naghavi et al., 2007). Staining for tyrosinated
MTs revealed intensities and patterns of expression in either PDZD8-
or moesin-expressing lines that were very similar to those seen in the
control lines (Fig. 1C). Although changes in MT dynamics cannot be
discounted using this approach, these ﬁndings demonstrated that
neither factor adversely affected the overall structure of the dynamic
MT network, in agreement with previous ﬁndings using the rodent
forms of ERM proteins (Haedicke et al., 2008; Naghavi et al., 2007).
Finally, we examined whether endogenous moesin or PDZD8 also had
Fig. 2. Expression of PDZD8 or moesin reduces HSV-1-induced CPE and infectious virus
production. (A) CPE caused by HSV-1 is reduced in cells expressing either PDZD8 or
moesin. Control FLAG-, PDZD8- and moesin-expressing CHME3 cells described in Fig. 1
were infected with HSV-1 at m.o.i. 5 for 7 h then ﬁxed in formaldehyde and phase
contrast images were taken on a Leica DFC 500 microscope. Two distinct ﬁelds of view
for infected cells are presented as F.1 and F.2. (B) Expression of either PDZD8 or moesin
suppresses HSV-1 replication. CHME3 cells described in A were infected at m.o.i. 5 for
8 h and then extracts were prepared by freeze–thaw. Infectious virus present in each
extract was determined by serial dilution and titration on permissive Vero cells. Titers
are presented as plaque-forming units (p.f.u.) per mL and are the mean of three
independent experiments. F— FLAG-expressing control cells; P— FLAG-tagged PDZD8-
expressing cells; M — FLAG-tagged moesin-expressing cells.
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with small interfering RNAs (siRNAs) targeting moesin, PDZD8 or GFP
as a control. 293 cells were used because of their high transfection
efﬁciency compared to CHME3 cells, and to determine the function of
these two proteins in a different cell line. The siRNA targeting moesin
signiﬁcantly reduced endogenous protein levels, as determined by
western blotting, and resulted in a notable increase in Glu-MT
abundance (Fig. 1D). The siRNA targeting PDZD8 reduced PDZD8
transcript levels, although reduced PDZD8 protein levels could not be
conﬁrmed due to the lack of a suitable antibody toward the
endogenous form of this protein, but also resulted in an increase in
Glu-MT abundance compared to GFP control-transfected cultures
(Fig. 1E). Taken together, these results demonstrated that both human
moesin and its newly identiﬁed binding partner, PDZD8 had similar
effects on host MT networks, suggesting that they are likely to
function as part of a stable MT regulatory complex.
Expression of PDZD8 or moesin inhibits HSV-1 infection at an early stage
Having established that PDZD8 and moesin interacted and
negatively regulated stable Glu-MT levels, we then tested whether
exogenous expression of either factor altered cellular sensitivity to
infection by HSV-1. Control cells expressing FLAG alone or cells
expressing either FLAG-tagged PDZD8 or moesin were either mock-
infected or infected with HSV-1 KOS at a multiplicity of infection (m.o.
i.) of 5 p.f.u./cell. At 7 hours post-infection (h.p.i.), while uninfected
control cells had a normal, ﬂattened morphology those that were
infected displayed extensive rounding and brightening, typical of
HSV-1-induced cytopathic effect (CPE) (Fig. 2A). In contrast, the
extent of CPE in either PDZD8- or moesin-expressing cells was
signiﬁcantly reduced, with the majority of moesin-expressing cells
exhibiting a morphology that more closely resembled that of mock-
infected cells (Fig. 2A). The somewhat heterogeneous mix of CPE
evident in PDZD8-expressing lines might be attributable to lower
expression levels of PDZD8 than moesin (Fig. 1B) combined with the
natural distribution of infectious particles each cell is exposed to
during high multiplicity infection, with those exposed to more virus
succumbing to CPE somewhat earlier than those exposed to less virus.
Regardless, expression of either PDZD8 or moesin caused a signiﬁcant
delay in the appearance of CPE in cultures. To determine if this
phenotype simply reﬂected the inability of HSV-1 to induce
morphological changes in cells expressing these two cytoskeletal
regulatory factors, we examined the levels of infectious virus
produced in cultures after infection at m.o.i. 5. At 8 h.p.i cultures
were freeze-thawed and the levels of plaque-forming virus were
determined by serial dilution and titration on permissive Vero cells. As
illustrated in Fig. 2B, compared to the FLAG-expressing control line
the levels of infectious virus in cultures were reduced approximately
10-fold in PDZD8-expressing cells and 20-fold in moesin-expressing
cells. This demonstrated that the morphological differences observed
were reﬂective of defects in the viral life cycle and production of new
infectious progeny.
To further explore these defects in virus replication and determine
the point in the viral lifecycle at which PDZD8 and moesin were
suppressing infection we thenmock-infected or infected cells at m.o.i.
5 and prepared whole cell extracts at 3 h, 6 h and 8 h.p.i. Samples
were resolved by SDS-PAGE and analyzed by western blotting (Fig. 3).
Expression levels of exogenous tagged forms of PDZD8 and moesin
were determined by western blotting with anti-FLAG antibody, while
eIF4E served as a loading control. Notably, expression of moesin was
signiﬁcantly higher than that of PDZD8 and HSV-1 did not alter the
levels of either protein over the course of infection. In addition, HSV-1
was unable to counteract the negative effects of either PDZD8 or
moesin on Glu-MT abundance, with levels remaining signiﬁcantly
below those of control samples at each time-point examined. This was
despite a modest increase in Glu-MT levels in infected control lines at3 h.p.i. and 6 h.p.i., which subsequently declined by 8 h.p.i. (Fig. 3).
Although the total abundance of PDZD8 could not be determined due
to the lack of a suitable antibody, western blotting of the same
samples demonstrated that moesin was highly overexpressed in the
FLAG-tagged moesin-expressing line and HSV-1 had no signiﬁcant
impact on moesin levels over the course of infection (Fig. 3). As such,
although HSV-1 infection stimulated Glu-MT formation at early and
intermediate stages of infection, both PDZD8 and moesin inhibited
this activity.
We then examined the accumulation of viral proteins in the same
samples using antibodies against the IE protein ICP4 and the late
protein, Us11. Different exposures of blots demonstrated that defects
in the accumulation of both viral antigens were evident in PDZD8- or
moesin-expressing lines as soon as the antigen could be detected. In
the case of the IE protein, ICP4, blots were cropped to remove
saturated signals caused by robust accumulation of this antigen in all
samples as infection progressed. Overall, the pattern of viral
immediate early and late protein accumulation suggested that these
cellular factors affected early stages of infection that suppressed the
onset of viral antigen production (Fig. 3), but with time these viral
Fig. 3. PDZD8 and moesin suppress the accumulation of both immediate early and late
HSV-1 proteins. CHME3 cells described in Fig. 1 were mock-infected or infected with
HSV-1 at m.o.i. 5 and whole cell extracts were prepared at the indicated times in h.p.i.
Samples were fractionated by SDS-PAGE and analyzed by western blotting with the
indicated antibodies. FLAG-tagged forms of PDZD8 and moesin, detected using anti-
FLAG antibody, are indicated to the right. Short and long exposures are shown for viral
antigens to illustrate defects in accumulation at various stages of infection. F — FLAG-
expressing control cells; P — FLAG-tagged PDZD8-expressing cells; M — FLAG-tagged
moesin-expressing cells.
Fig. 4. Expression of PDZD8 or moesin potently suppresses HSV-1 replication and
spread in cultured cells. (A) CHME3 cells described in Fig. 1 were either uninfected (U)
or infected (I) with HSV-1 at m.o.i. 0.001 or 0.01 (indicated as −3 or −2 above the
panel) for 3 d and then whole cell extracts were prepared and analyzed by western
blotting with the indicated antibodies. F, P and M are as described in the legend to
Fig. 2B. (B) CHME3 lines were infected with HSV-1 at m.o.i. 0.001 for 3 d then ﬁxed in
formaldehyde and expression of the viral structural protein, ICP5 was determined by
indirect immunoﬂuorescence (Green Signal). DNA was stained using Hoechst to detect
nuclei (Blue Signal). Phase-contrast (Phase C.) and ﬂuorescent images were acquired
and a merged image is presented in the lower panel (Merge). (C) CHME3 lines were
infected as described in B. Cultures were lyzed by freeze–thaw and the levels of
infectious virus present were determined by serial dilution and titration on permissive
Vero cells. Titers are presented as plaque-forming units (p.f.u.) per mL and are themean
of three independent experiments. F— FLAG-expressing control cells; P— FLAG-tagged
PDZD8-expressing cells; M — FLAG-tagged moesin-expressing cells.
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viral protein accumulation was suppressed was higher in moesin
lines, which likely reﬂects the higher abundance of exogenously-
expressed moesin compared with that of PDZD8 as determined by
anti-FLAG western blotting (Fig. 3; upper panels), and which also
correlated with the degree to which CPE and infectious virus
production were reduced in each of the lines (Fig. 2). Overall, these
ﬁndings demonstrated that PDZD8 and moesin both imposed an early
impediment to infection that resulted in a slower and less efﬁcient
onset of the viral gene expression program.
Exogenous and endogenous forms of PDZD8 and moesin negatively
regulate HSV-1 replication and spread
Given that both factors reduced the efﬁciency with which the viral
lifecycle progressed we then examined their effects on virus
replication and spread. To do this, cells were infected with small
amounts of virus that was then allowed to replicate and spread
through cultures over a 3 d period. Initially, the accumulation of viral
structural proteins in cultures infected at m.o.i. 0.001 and 0.01 was
determined by western blotting of whole cell extracts with anti-HSV-
1 antibody, while the cellular antigen, eIF4E served as a loading
control (Fig. 4A). In the control line HSV-1 protein accumulation was
readily detectable, although differences in protein abundance be-
tween the twomultiplicities were not obvious due to the rapid spread
of virus in control cultures under both conditions and the overexpo-
sure of blots to detect antigen levels in the other samples. In contrast,
expression of either PDZD8 or moesin resulted in a potent inhibition
of viral antigen accumulation at either multiplicity (Fig. 4A). Reduced
HSV-1 antigen accumulation suggested a defect in the production and
spread of virus. To characterize this further we then performed
indirect immunoﬂuorescence and phase-contrast analysis of the
spread of HSV-1 in cells infected at m.o.i. 0.001. Cultures were
infected for 3 d then ﬁxed in formaldehyde and probed with antibody
against ICP5, a viral structural protein, whichwas detected using FITC-
conjugated anti-mouse antiserum, while DNA was stained with
Hoechst to visualize nuclei (Fig. 4B). In control FLAG-expressingcells HSV-1 infection resulted in large plaques consisting of central
areas of cell destruction, evident in phase contrast and Hoechst
images, which were surrounded by large numbers of ICP5-positive
cells indicative of the outward spread of HSV-1 radiating from the
initial site of infection. In contrast to control lines, large areas of cell
destruction were not evident in cultures expressing either PDZD8 or
moesin. In addition, although ICP5-positive cells were readily
detectable by indirect immunoﬂuorescence they were conﬁned to
small clusters of cells, suggesting that although cells were infected, in
agreement with experiments performed at high multiplicity (Fig. 3),
virus replication and spread to neighboring cells was severely
restricted in PDZD8- and moesin-expressing lines. Finally, to quantify
the effects of these factors on the production of infectious virus,
cultures were again infected at m.o.i. 0.001 for 3 d and then the levels
of plaque-forming virus were determined by serial dilution and
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amounts of virus produced in control cultures, PDZD8-expressing
lines contained N50-fold less infectious virus while viral yields in
moesin-expressing lines were reduced N100-fold.
To examine the role of the endogenous forms of these proteins in
HSV-1 replication and spread and in a different cell line, 293 cells were
transfectedwith small interfering RNAs (siRNAs) targeting either GFP,
as a control, PDZD8 or moesin and subsequently infected with HSV-1
at m.o.i. 0.001 for 3 d. The efﬁcacy of two distinct siRNA duplexes
targeting moesin was conﬁrmed by western blotting with anti-
moesin antibody, while eIF4E served as a loading control (Fig. 5). In
the case of bothmoesin siRNA-treated cultures, reducedmoesin levels
resulted in a notable increase in the accumulation of viral structural
proteins, as well as speciﬁc early and late viral antigens represented
by ICP22 and Us11, respectively, compared to that in control siRNA-
treated cultures. An siRNA targeting PDZD8 produced similar effects
to those of the siRNAs targeting moesin, increasing the accumulation
of viral antigens in infected cultures, and importantly this occurred
without off-target effects on moesin levels (Fig. 5). Unfortunately,
while we could conﬁrm that this siRNA reduced PDZD8 transcript
levels (Fig. 1E) we were unable to conﬁrm the reduction in
endogenous PDZD8 protein levels due to the lack of suitable
antibodies toward this poorly understood protein. As such, and in
agreement with these factors having a negative effect on HSV-1
infection in distinct cell types, overexpression of either factor
decreased the accumulation of viral antigens in CHME3 cells while
reduced expression of the endogenous forms of these factors
increased viral antigen accumulation in 293 cells.
Discussion
Host cytoskeletal networks regulate a variety of processes
including cell shape and migration, as well as the uptake and
transport of macromolecules including viruses. Factors that regulate
their formation continue to be identiﬁed and are likely to play an
important role in determining host cell susceptibility to viral infection.
Here, we have identiﬁed a moesin-interacting protein, PDZD8 and
demonstrated the ﬁrst biological function of this poorly understoodFig. 5. Endogenous PDZD8 and moesin regulate HSV-1 antigen accumulation in 293
cells. 293 cells were transfected with siRNA duplexes targeting GFP, as a control, PDZD8
or moesin and then infected with HSV-1 at m.o.i. 0.001 for 3 d. Whole cell extracts were
prepared and analyzed by western blotting with the indicated antibodies. The cellular
antigen, eIF4E served as a loading control. Anti-moesin antibody was used to conﬁrm
siRNA-mediated reduction in endogenous levels of moesin using two independent
duplexes, denoted at Set #1 and Set #2. No suitable antibody is available to measure
endogenous levels of PDZD8. C — Control GFP siRNA-treated cells; P — PDZD8 siRNA-
treated cells; M — moesin siRNA-treated cells.protein in regulating stable Glu-MT abundance. We also show that
expression of PDZD8 or its binding partner, moesin negatively
regulates HSV-1 infection.
Although their functions are not fully understood, the stable
microtubule subset has been suggested to function as specialized
tracks for vesicle and cytoskeletal trafﬁcking (Wen et al., 2004). The
fact that a number of RNA and DNA viruses including HIV-1
(Valenzuela-Fernandez et al., 2005), HHV-8 (Naranatt et al., 2005;
Sharma-Walia et al., 2004), HSV-1 (Elliott and O'Hare, 1998; Yedowitz
et al., 2005), Adenovirus (Warren and Cassimeris, 2007; Warren et al.,
2006; Yea et al., 2007) and HEV (Kannan et al., 2009) have been
reported to induce MT acetylation, one of several tubulin modiﬁca-
tions that accumulate on stable MTs, suggests that this MT subset is
likely to be of biological importance to their replication. In addition to
encoding proteins that allow it to associate with the motor proteins
that trafﬁc cargos alongMT networks (Diefenbach et al., 2008), HSV-1
also directly affects the structure of the networks themselves. At late
stages of infection HSV-1 induces MT destabilization (Avitabile et al.,
1995; Dienes et al., 1987; Heeg et al., 1981). These cytoskeletal
changes are associated with the nuclear relocalization of the viral
protein, VP22 late in infection (Blouin and Blaho, 2001; Kotsakis et al.,
2001; Pomeranz and Blaho, 1999; Yedowitz et al., 2005). Another viral
protein, ICP0 has also been suggested to induce MT destablization at
late stages (Liu et al., 2010) while UL21, a component of the tegument,
induces long processes in cells and may do so through an interaction
with MTs (Avitabile et al., 1995; Takakuwa et al., 2001). However, the
functional signiﬁcance of MT destabilization late in HSV-1 infection
remains unknown and has been shown not to affect the egress or
exocytosis of virus (Avitabile et al., 1995). In contrast to the disruption
of MT networks late in infection, HSV-1 has been shown to induce MT
acetylation and stabilization at early and intermediate stages (Dienes
et al., 1987; Ebina et al., 1978; Elliott and O'Hare, 1998; Heeg et al.,
1981). MT bundling and stabilization has also been linked to the viral
tegument protein, VP22, which is located in the cytoplasm at early
stages of infection (Elliott and O'Hare, 1998; Pomeranz and Blaho,
1999). In agreement with the temporal changes reported to occur in
MT networks at both early and late stages of HSV-1 infection, we have
found that the levels of Glu-MTs, indicative of detyrosination and
stabilization ofMT ﬁlaments, increase at early and intermediate stages
of infection but decline at later stages. Demonstrating the functional
importance of MT networks to HSV-1 infection previous studies have
shown that treatment of cells with the MT depolymerizing agent,
nocodazole results in inefﬁcient transit of viral particles to the nucleus
and reduces the expression of IE gene products at 3 h.p.i. of Vero cells
(Döhner et al., 2002; Hammonds et al., 1996). Similarly, we show that
expression of either PDZD8 or moesin, negative regulators of stable
MT abundance, also resulted in inefﬁcient onset of viral antigen
accumulation and a signiﬁcant delay to the onset of both CPE and the
production of infectious virus in cultures infected at high multiplicity.
Under conditions of multiple rounds of virus replication and spread
these defects were ampliﬁed and resulted in signiﬁcantly reduced
antigen-positive plaque sizes and N50 to 100-fold reductions in the
yields of infectious virus. In agreement with results using exogenous-
ly-expressed proteins, siRNA-mediated reduction of the endogenous
levels of these factors resulted in the opposite effect, increasing HSV-1
antigen accumulation and demonstrating that the endogenous forms
of these proteins also had negative effects on HSV-1 infection.
Notably, although HSV-1 could induce modiﬁcations to the MT
network itself it was unable to counteract the effects of either
PDZD8 or moesin, suggesting that these factors are important natural
determinants of cellular susceptibility to HSV-1 infection.
The complete array of cellular factors and pathways involved in
regulating stable MTs and their effects on viral infection continue to
be elucidated. Recently, the rodent forms of both moesin and ezrin,
members of the ERM family of membrane-associated cytoskeletal
regulatory proteins, have been shown to negatively regulate stable
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overexpression in cells inhibits early post-entry stages of retroviral
infection, including that of MuLV and Human Immunodeﬁciency Virus
type 1 (HIV-1) (Haedicke et al., 2008; Naghavi et al., 2007). Here, we
show that the human form of moesin also negatively regulates Glu-
MT accumulation and impedes the onset of HSV-1 antigen accumu-
lation. ERM proteins are composed of a N-terminal FERM (band four-
point one, ezrin, radixin, moesin) domain followed by a coiled-coil
region and a short C-terminal domain (Fehon et al., 2010; Fievet et al.,
2007). Their FERM domain interacts strongly with proteins containing
PSD-95/DlgA/ZO-1-like (PDZ) domains (Kennedy, 1995) including
those of the adaptor proteins NHERF1 and NHERF2 (Fehon et al., 2010;
LaLonde et al., 2010; Levi, 2003; Terawaki et al., 2003) and the human
homologue of the Drosophila discs-large (Dlg) tumor suppressor
(Bonilha and Rodriguez-Boulan, 2001; Lue et al., 1996; Marfatia et al.,
1996). PDZ domains are conserved protein–protein interaction
modules of around 80–100 amino acids found in diverse membrane
associated proteins and mediate the formation of multi-molecular
signaling complexes (Cho et al., 1992; Fanning and Anderson, 1999;
Feng and Zhang, 2009; Ponting et al., 1997; Sheng and Sala, 2001). As
such, the interaction of ERMs with PDZ domain-containing proteins is
likely to play an important role in a number of biological processes.
Here, we identiﬁed another member of the PDZ domain-containing
family of proteins, PDZD8 as a novel binding partner of moesin and
demonstrated that both proteins negatively regulate stable Glu-MT
levels, suggesting that they function as part of a MT regulatory
complex. In line with this, previous studies have suggested that MT
dynamics may be regulated via PDZ domain-based interactions. The
PDZ domain of Dishevelled-1 (DVL-1) has been shown to regulate MT
stability (Krylova et al., 2000) and the stable MT regulatory factor,
adenomatosis polyposis coli protein (APC) has also been reported to
link MTs to the plasma membrane through interaction with the PDZ
domain of DLg1 (Mimori-Kiyosue et al., 2007). The ERM-binding
protein that we have identiﬁed, PDZD8 is a very poorly understood
protein that is tentatively linked to a hind-limb girdle defect in
Japanese black cattle (Masoudi et al., 2008). Recently we identiﬁed
PDZD8 as a protein that interacts with HIV-1 Gag protein and
demonstrated that it promotes early stages of infection (Henning et
al., 2010). While at ﬁrst sight this might seem to contradict the
negative role of moesin in retroviral infection (Naghavi et al., 2007)
and the negative roles of both moesin and PDZD8 in regulating stable
MT abundance that we describe here, the direct binding of a viral
protein such as Gag to PDZD8 may inhibit its negative effects or alter/
exploit its properties to facilitate infection in amanner that remains to
be determined. However, in the case of HSV-1 studied here both
PDZD8 and moesin have the same effect of suppressing infection.
While we have identiﬁed the ﬁrst cellular binding partner and
cellular function for PDZD8, and demonstrated the antiviral properties
of these proteins against HSV-1, it remains to be determined whether
PDZD8 or moesin affect other cellular or viral processes that may also
contribute to their antiviral properties. Indeed, ERM proteins also
regulate the cross-linking of the plasma membrane and actin
cytoskeleton (Fehon et al., 2010; Tsukita and Yonemura, 1999),
events that may also involve PDZD8 and which might contribute to
the inhibitory effects of these proteins on HSV-1 infection. Continued
identiﬁcation of cellular factors that inﬂuence viral infection and
developing our understanding of their functions will undoubtedly aid
in the design of new antiviral approaches.
Quantitative real time PCR (qPCR)
Cytoplasmic RNA from 293 cells treated with GFP speciﬁc or
PDZD8 speciﬁc siRNA duplexes described above was reverse tran-
scribed and used as template using SYBR Green JumpStart Taq
ReadyMix (Sigma) and PDZD8 speciﬁc primers as previously
described (Henning et al., 2010). The number of target copies ineach sample was interpolated from its detection threshold (CT) value
using a human cyclophilin A standard curve. Amplicon size and
reaction speciﬁcity were conﬁrmed by agarose gel electrophoresis.
Materials and methods
Cells and virus
CHME3, 293 and Vero cells were cultured in DMEM supplemented
with L-glutamine, penicillin/streptomycin, sodium pyruvate and 5%
FBS, as described previously (Janabi et al., 1995; Walsh and Mohr,
2004). HSV-1 strain KOSwas a kind gift of Dr. IanMohr (NYU School of
Medicine, U.S.A.) and was propagated and titered as described
previously (Walsh and Mohr, 2004).
Generation of PDZD8- and moesin-expressing CHME3 lines
For the generation of mammalian expression vectors full-length
humanmoesin with a C-terminal FLAG-tag was ampliﬁed using cDNA
from 293A cells as template (Naghavi et al., 2007). The sequences of
the primers used to generate C-terminal FLAG-tagged moesin were as
follows:
forward; 5′GCAACTGCGGCCGCCATGCCCAAAACGATCAGT3′
reverse; 5′GCAACGGAATTCTTACTTGTCGTCATCGTCTTTGTAGTCCA-
TAGACTCAAATTCGTCAATGC3′.
NotI and EcoRI restriction sites in the 5′ and 3′ primers, respectively,
are underlined and the Flag peptide sequence is in italics. The PCR
product was digested with NotI and EcoRI then ligated into the NotI/
EcoRI cloning site of the retroviral vector pQCXIN (Clontech). pQCXIN
containing C-terminally Flag-tagged human PDZD8 cDNA was
purchased from OriGene Technologies, Rockville, MD. The full-length
moesin insert was conﬁrmed by sequencing. Vesicular stomatitis
virus (VSV-G) pseudotyped murine leukemia virus (MuLV) expres-
sing FLAG-tagged moesin or FLAG alone were generated by
cotransfection of 293T cells with pQCXIN containing C-terminally
FLAG-tagged moesin or FLAG sequences along with a gag-pol
expressing vector and a VSV-G envelope expressing vector, as
described previously (Naghavi et al., 2005). Cells were then infected
with these viruses and stably-expressing clones were isolated by
selection in G418 (1 mg/mL) containing medium. Generation of C-
terminally FLAG-tagged PDZD8-expressing CHME3 cells was de-
scribed previously (Henning et al., 2010).
Antibodies and western blotting
Antibodies were obtained from the following sources; ICP4
(Catalog no. Ab6514) and ICP5 (Catalog no. Ab6508) were from
Abcam. Anti-eIF4E (Catalog no. 610269) was from BD Bioscience.
Anti-detyrosinated tubulin (Glu-MT) antibody (Catalog no. AB3201)
was from Chemicon International. Mouse anti-FLAG (Catalog no.
F3040) was from SIGMA-Aldrich. Anti-GFP (Catalog no. 2555) was
from Cell Signaling. Anti-HSV-1 (Catalog no. PAB7119P) was from
Maine Biotechnology. The following antibodies were kind gifts; YL1/2
toward tyrosinated MTs (Gregg Gundersen, Columbia University, U.S.
A.), moesin (Anthony Bretscher, Cornell University, U.S.A.), Us11
(Richard Roller, University of Iowa, U.S.A.) and ICP22 (John Blaho,
Mount Sinai School of Medicine, U.S.A.). For western blotting, whole
cell extracts were prepared in sample buffer (62.5 mM Tris–HCl at pH
6.8, 2% SDS, 10% glycerol 0.7 M β-mercaptoethanol) and boiled for
3 min. Samples were fractionated by SDS-PAGE and transferred to
nitrocellulose that was then probed with the indicated antiserum
diluted in a 5% solution of low-fat milk in TBS-0.1% Tween (TBS-T).
Blots were washed in TBS-T and probed with the appropriate HRP-
conjugated secondary antibodies (Pierce, Catalog no. 31430 and
120 M.S. Henning et al. / Virology 415 (2011) 114–12131460), then processed and detected by chemiluminescence accord-
ing to the manufacturer's instructions (Pierce, Catalog no. 32106).
Immunoﬂuorescence and microscopy
For staining of dynamic MTs, cells grown on coverslips were
washed once in serum free medium then ﬁxed in ice-cold methanol
for 10 min. Samples were rehydrated in TBS-T then pre-blocked in
10% normal goat serum in TBS-T for 1 h. Samples were then probed
with a rat monoclonal antibody YL1/2 (1:10; kind gift from Gregg
Gundersen) against dynamic tyrosinated MTs for 2 h at room
temperature. After washing, primary antibody was detected using
cross-absorbed FITC-conjugated anti-rat secondary antibody (Jackson
ImmunoResearch) at a concentration of 1:200 for 1 h at room
temperature. All staining was performed in TBS-T containing 1%
normal goat serum. For ﬂuorescence microscopy, cells were imaged
using an Olympus BX50 microscope and DP70 camera using DP
Controller software (Olympus). Indirect immunoﬂuorescence and
analysis of HSV-1 and VacV antigen expression was performed using
the indicated antibodies, as described previously (McMahon and
Walsh, 2008).
Yeast two-hybrid assay and co-immunoprecipitation (co-IP)
The yeast two-hybrid reagents and techniques have been
previously described (Garrus et al., 2001). Co-IP was performed as
described previously (Walsh and Mohr, 2006); 1.5×107 cells
expressing FLAG alone or FLAG-tagged PDZD8 were lysed in NLB
buffer [50 mM HEPES (pH 7.5), 100 mM NaCl, 1.5 mM MgCl2, 2 mM
EDTA, 2 mM Na3VO4, 25 mM glycerophosphate, 0.25% NP-40, and
complete miniprotease inhibitor cocktail (Roche)] for 40 min at 4 °C
and centrifuged at 10,000×g for 10 min to pellet cell debris.
Supernatants were nuclease-treated by incubating with 1 mM CaCl2,
50 μg/mL RNase A, 300 U/mL RNase T1 (Fermentas), and 100 U/mL
micrococcal nuclease (Fermentas) rocking at room temperature for
20 min before returning treated samples to ice. Supernatants were
then precleared with rabbit serum for 40 min at 4 °C, which was then
collected by two consecutive incubations with 100 μL of settled bed
volume (sbv) Pansorbin (Calbiochem; Catalog No. 507858). Pre-
cleared supernatants were then transferred to fresh microfuge tubes
containing 2 μL of polyclonal rabbit anti-moesin or rabbit anti-GFP
antiserum and incubated for 1 h rocking at 4 °C. Samples were then
added to Protein A Sepharose (12 μL sbv), which had been washed
and blocked in NLB containing 3% fraction V BSA to prevent
nonspeciﬁc protein binding, and incubated for an additional 1 h
rocking at 4 °C. Sepharose-bound immune complexes were then
collected by brief centrifugation, washed three times in 0.5 mL of NLB
and boiled in Laemmli buffer lacking β-mercaptoethanol.
RNA interference (RNAi)
293 cells (4×105) were seeded on 6-well plates and transfected
with pre-designed siRNAs (Ambion) speciﬁc to human moesin,
human PDZD8 or a non-speciﬁc control siRNA duplex targeting GFP
using RNAi-Max transfection reagent (Invitrogen) as described
previously (Naghavi et al., 2007). Cells were transfected on two
consecutive days with 300 pmol siRNA duplex and subsequently
infected on day 3 with HSV-1 at the indicated multiplicity. After 3 d,
whole cell extracts were prepared and analyzed by western blotting.
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